In Sri Lanka, cowpea [Vigna unguiculata (L.) Walp.] is one of the main legume crops that provide an alternative source of protein, where meat and meat products are limited and expensive. The traditional structures that are used to store cowpea and mung bean in tropical regions are made of mud, palm leaves, and paddy straw providing ideal environments for the growth of insects. The major pests encountered in cowpea grain stacks and storage premises in the region are the cowpea bruchids, Callosobruchus maculatus (F.) and Callosobruchus chinensis (L.). Bruchid infestations of up to 100% can occur after 3-5 mo of storage (Singh 1977) .
These insects are currently controlled in warehouses by fumigating with synthetic chemicals such as pirimiphos methyl and phosphine (Singh 1990 ). However, these fumigants have frequently resulted in environmental problems and increased pest resistance (Zettler and Cuperus 1990) . There is increasing interest in the use of plant products for insect management as alternatives to chemical pesticides. Certain local plants are known to possess insecticidal properties towards common insect pests (Liu and Ho 1999; Zhu et al. 2001) . Certain essential oils, because of their volatile nature and other traditional uses, offer possibilities for use as effective insecticides against stored grain insect pests (Don-Pedro 1996; Paranagama et al. 2001; Ketoh et al. 2002) . Essential oils obtained by the steam distillation of plant leaf, stem, rhizome or roots are composed mainly of volatile monoterpenes. These compounds from plants such as lemongrass, cinnamon, citronella, and eucalyptus have found extensive use as food supplements, flavors, perfumes, and antiseptics, and have been traditionally used orally, dermally and as aromatherapy compounds (Charlwood and Charlwood 1991) . Because of their safe use in medicine, foods, and pharmaceuticals, several different monoterpenes may prove to be environmentally friendly chemicals against stored grain insect pests. Many plant-containing essential oils have been shown to be effective against stored product insects (Bandara 1997; Bandara and Seneviratne 1997; DonPedro 1996; Ho et al. 1996; Huang et al. 1999; Elhag 2000; Huang et al. 2000; Ketoh et al. 2002) .
Our continuing research efforts in the development of stored grain pest control agents from essential oils resulted in the identification of Alpinia calcarata (which contains 1,8-cineole as a major constituent) as a potential stored grain protectant (Paranagama et al. 2002) . Cineole is a component widely distributed in the plant kingdom (Johns et al. 1992; Mathela et al. 1992; Tripathi et al. 2001) . Cineole has previously been reported as having insecticidal activity against Sitophilus oryzae (L.), Tribolium castanaeum (Herbst.), Lasioderma serricorne (F.) and Stegobium paniceum (L.) (Obeng-Ofori et al. 1997; Tripathi et al. 2001; Paranagama et al. 2002) . However, cineole has not been tested against C. maculatus inhabiting stored cowpea. The use of botanical insect repellant and/or insecticidal compounds during stored-product pest management may be an alternative method for the protection of stored cowpea. In the current investigation, we examined the toxicity and repellant activity of essential oil of A. calcarata and its major component, 1,8-cineole, against the cowpea pest C. maculatus, and the effect of test components on seed viability.
MATERIALS AND METHODS

Grain Samples, Insects and Preparation of Essential Oil
Newly harvested, non-fumigated cowpea (V. unguiculata) samples collected from the Anuradhapura district in Sri Lanka were used in this study. Insect rearing was carried out at the Department of Chemistry, University of Kelaniya, Sri Lanka, under the prevailing environmental conditions (28 ± 3°C and 75 ± 5% RH) using the method described by Bandara and Saxena (1993) .
To collect the essential oil, rhizomes of A. calcarata (2 kg) were cut into small pieces and steam distilled for 3 h. The condensed solution (400 mL) was saturated with NaCl and subsequently extracted with CH 2 Cl 2 (Analar grade 3 × 100 mL). The CH 2 Cl 2 phase was dried with anhydrous Na 2 SO 4 and concentrated using a flash evaporator. A stream of nitrogen gas was passed through the concentrated sample to remove any remaining CH 2 Cl 2 before use in the bioassays and GC analysis. Regent grade 1,8-cineole, purchased from British Drug House, UK, was used for the bioassays.
Gas Chromatography and Gas ChromatographyMass Spectrometry
The essential oils of A. calcarata and 1,8-cineole were subjected to gas chromatography (GC) to identify the components in the oil and to check the purity of 1,8-cineole. A Hewlett Packard 5890 series II chromatograph with a splitless injector (220°C), flame ionization detector (FID) (270°C), and a fused silica DB Wax capillary column (30 m × 0.25 mm) was used under the following conditions: 5 min at 35°C, 35-100°C at 4°C min -1 , 100-250°C at 10°C min -1 , hold 10 min at 250°C and carrier gas was He. Gas Chromatography-Mass Spectrometry (GC-MS) was carried out using a Hewlett Packard 5890 series II chromatograph fitted with a split-split-less injector, coupled with a Hewlett Packard 5970 series mass spectrophotometer. GC conditions were same as above.
Contact and Fumigant Toxicity Bioassay
The bioassay was performed using a modified method of Huang et al. (1999) . A series of concentrations of A. calcarata oil (0.060, 0.090, 0.120, 0.150 and 0.180 g L -1 ) and 1,8-cineole (0.009, 0.015, 0.030, 0.060 and 0.090 g L -1 ) was prepared separately in ethanol and applied evenly on the inner surface of the glass vial (6.5 mL) and undersurface of the screw caps. The solvent was subsequently evaporated with N 2 gas. Five pairs of 5-10 h old adults were introduced into each vial. The caps were screwed tightly and incubated at 28 ± 3°C. After 24 h, the insects were transferred to clean vials with 50 untreated fresh cowpea seeds and placed in the bioassay room. The mortality of insects was observed for 10 d. The same procedure was carried out with a similar amount of ethanol and untreated vials were used as controls. The experiment was set up as a completely randomized design (CRD) with six-replicates per treatment.
The number of dead adult bruchids and the number of eggs laid were recorded daily during the 10-d incubation period. The number of emerging first-generation adults (F 1 ) was also recorded. Mean mortality for each volatile concentration was compared using Analysis of Variance and Tukey's pair wise comparison test. The LC 50 values were determined by Probit Analysis.
Fumigant Toxicity Bioassay
Fumigant toxicity bioassay was carried out using a modified method of Bandara and Seneviratne (1997) . A filter paper strip (1.5 cm diameter) was impregnated with an appropriate concentration of A. calcarata oil (0.20, 0.40, 0.50, 0.80 and 1.00 g L -1 ) or 1,8-cineole (0.05, 0.20, 0.40, 0.50, 0.80 and 1.00 g L -1 ). The solvent was allowed to evaporate for 10 min and the filter paper was attached to the undersurface of the screw cap of a glass vial (6.5 mL). Five pairs of 5-10 h old bruchids were introduced and the neck of the vial was blocked with a metal mesh to avoid the contact of insects with chemicals. Subsequently, the cap of each vial was screwed tightly and incubated at 28 ± 3°C for 24 h. Thereafter, the insects were transferred to clean vials with 50 untreated, fresh cowpea seeds. Parallel experiments with ethanol-treated and untreated filter paper were also conducted. Experimental setup was a CRD with six replicates per treatment. Monitoring of mortality, egg laying and F 1 emergence, and data analysis were identical to the procedure adapted during contact and fumigant toxicity assay above.
Repellent Activity of A. calcarata Oil and 1,8-cineole
The choice chamber (Fig. 1) consisted of a large transparent bottle (1-L) with eight transparent plastic bottles (300 mL) connected to the larger bottle through glass tubes (1 cm diameter and 8 cm long) and placed equidistant from each other. The experimental apparatus was placed in a plastic basin having a diameter of 42 cm and height of 18 cm, and the sidewalls were covered with black paper.
In each trial, four different concentrations 20, 40, 80, and 160 mg (0.066, 0.133, 0.266 and 0.566 g L-1) of A. calcarata oil or of 1,8-cineole and two ethanol-treated and two non-treated filter paper treatments were used. Each dose was placed on a filter paper strip (2.5 cm × 5.0 cm) and the solvent was allowed to evaporate. Each strip was placed in appropriate small bottle containing 50 cowpea seeds. Two hundred and fifty adult bruchids (unsexed, 1-3 d old) were introduced to the central bottle, and the chamber was placed in a dark room at 28 ± 3°C. After 24 h, the number of bruchids moved to the baited arm and number of eggs deposited in each bottle was recorded. The number of test insects in each container was considered as the response for the choice chamber bioassay. Each experiment was replicated five times. The results were compared using Analysis of Variance and Tukey's pair wise comparison test.
Effect of 1,8-cineole and Volatile Constituents of A. calcarata on Seed Viability
Twenty seeds mixed with the highest concentration (1.0 g L -1 ) of 1,8-cineole and the essential oil were separately placed on a moistened filter paper in a glass petri dish (9 cm). Water was added to the filter paper when necessary to provide sufficient moisture for the germinating seeds. Parallel experiments were carried out with seeds treated with ethanol and without any treatment as controls. The number of seeds germinated in each petri dish was recorded 10 days after placement of seeds. Experimental design was a CRD with six replicates. The results were compared using Analysis of Variance and Tukey's pair wise comparison test.
RESULTS
Chemical Composition of the Essential Oil
The GC and GC-MS studies of the essential oil of A. calcarata revealed the presence of more than 43 compounds. The major constituents identified were 1,8-cineole (49.9%), α-pinene (3.6%), β-pinene (6.8%), camphene (4.4%), α-terpineol (4.6%), camphor (5.6%), and fenchyl acetate (7.6%). The purity of 1,8-cineole purchased from BDH, UK was confirmed using GC and GC-MS.
Contact and Fumigant and Fumigant Toxicities of A. calcarata and 1,8-cineole
Essential oil of A. calcarata and 1,8-cineole showed both contact and fumigant and fumigant toxicity to C. maculatus (Figs. 2 and 3) . Adult mortality in the contact and fumigant toxicity was low after exposure to 1,8-cineole concentration of 0.009 to 0.015 g L -1 . However, mortality increased sharply when exposed to higher concentrations. Probit analyis found the LC 50 to be 0.067 g L -1 and 100% mortality occurred after contact and fumigant exposure to 0.090-g L -1 of 1,8-cineole. Essential oil of A. calcarata oil demonstrated low mortality (26.7%) after contact and fumigant exposure to 0.120 g L -1 with mortality rates rapidly increasing from 50 to 100% for doses higher than 0.150 g L -1 (Fig. 2) . The LC 50 was found to be 0.141 g L -1 and 100% of the insects were killed after exposure to 0.180 g L -1 A. calcarata oil (Fig. 2) . 1,8-cineole significantly (P < 0.05) reduced the number of eggs laid and the number of F 1 adults emerged of C. maculatus (Table 1) . At the 0.060 g L -1 concentration, only 16.5 eggs were laid and 2.16 F 1 adults emerged, whereas, A. calcarata oil of the same dose was not significantly different (P > 0.05) for either variable compared with the controls.
The data obtained for the fumigant toxicity of 1,8-cineol and A. calcarata are presented in Fig. 3 . The LC 50 for fumigant mortality was 0.69 g L -1 and 100% of bruchids were killed at the concentration of 1.00 g L -1 for both 1,8-cineole and the essential oil. The number of eggs laid and the adult emergence decreased with increasing concentration (Table 2) (Table 3) as significantly more insects were found in the control bottles than in any of the oil or 1,8-cineole treatments. Alpinia calcarata oil seemed to be particularly repellent with very few insects in the bottles and eggs laid only in the lowest concentration (20 mg). Adult bruchids were found in all four of the 1,8-cineole treatments and eggs were laid in the 20 and 40 mg treatments.
Effect of 1,8-cineole and A. calcarata Oil on Seed Viability
There was no significant difference in the germination of cowpea seeds mixed with 1,8-cineole and A. calcarata oils (91.4 ± 6.5 and 90.0 ± 7.1, respectively) when compared with the control and ethanol (92.5 ± 3.5 and 91.0 ± 5.6, respectively). Germination was around 90% in untreated and ethanol controls, as well as in 1,8-cineole and A. calcarata treatments.
DISCUSSION
The results of this study demonstrate the contact and fumigant toxicity, fumigant toxicity and repellant activity of 1,8-cineole and A. calcarata oil against cowpea bruchid, C. maculatus. Regnault-Roger (1997) antifeedant effect of certain essential oils on insects, and found that monoterpenes emitted by essential oils were toxic to the adults of Callosobruchus species. Many authors have shown the effectiveness of monoterpenes in essential oil or essential-oil-bearing plants against stored grain pests (Su 1991; Rahman and Schmidt 1999; Paranagama et al. 2001; Ketoh et al. 2002) . Acorus calamus (L.) oil has contact toxicity to adult insects of C. maculatus and S. oryzae (Su 1991) . Rahman and Schmidt (1998) also observed that essential oil of A. calamus was toxic to C. phaseoli at 5-10 µL/400 mL after 24 h exposure. A comparison of this research with our previous work on volatiles from neem (Azadirachtin indica A. Juss.) leaves revealed that C. maculatus is more susceptible to 1,8-cineole and A. calcartus oil than volatile of A. indica (Paranagama et al. 2001) . Ketoh et al. (2002) have reported on the susceptibility of C. maculatus to three essential oils, Cymbopogon nardus L., Cymbopogon shoenanthus L. and Ocimum basillicum L. and their results revealed that 2.5 µL L -1 and 1.62 µL L -1 concentrations of C. nardus were required to obtain LC 50 value and the 100% mortality of C. maculatus, respectively.
The effect of 1,8-cineole has previously been studied on stored grain insect, Tribolium castanaeum and the results revealed that LC 50 values for T. castanaeum were 108.04 µg mg -1 and 1.52 mg L -1 in the contact toxicity and fumigant toxicity, respectively (Tripathi et al. 2001) . However, in the present study, the respective LC 50 values of 1,8-cineole were much lower at 0.068 g L -1 and 0.685 g L -1 against C. maculatus. LC 50 values obtained for contact toxicity and fumigant toxicity of pirimiphos methyl were reported as 1.4 × 10 -6 g m -2 and 0.009 g L -1 , respectively (Paranagama et al. 2001) , indicating pirimiphos methyl is more effective in controlling C. maculatus. Both 1,8-cineole and A. calcarata oil are extensively used in traditional medicine as well as in the flavor and fragrance industry. Therefore, it may be appropriate to utilize1,8-cineole or A. calcarata oil to develop grain protectants against pest insects.
1,8-cineole and A. calcarata oil reduced the oviposition of C. maculatus. Essential oil of A. calcarata was less effective than 1,8-cineole, suggesting that the main insecticidal constituent of A. calcarata oil could be 1,8-cineole. The suppression of F 1 adult emergence of C. maculatus in essential-oil-treated samples was likely to be due to the eggs being killed by the essential oils since no development of abnormalities or bodies of dead larvae were observed. The reduction of oviposition in stored grain pests has been 0.00 ± 0.00c -0.00 ± 0.00c -z The data were analyzed using one-way ANOVA and Tukey's pair wise comparison. tests. For each variable and either A. calcarata oil or 1,8-cineole, means followed by the same letters within a column are not significantly different (P < 0.05). 49.67 ± 6.70b 12.67 ± 1.66b 0.00 ± 0.00c 0.50 ± 0.33c 0.50 0.00 ± 0.00c 2.67 ± 1.66c 0.00 ± 0.00c 0.00 ± 0.00c 0.80 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 1.00 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c z The results were analyzed using one-way ANOVA and Tukey's pair wise comparison tests. For each variable and either A. calcarata oil or 1,8-cineole, means followed by the same letters within a column are not significantly different (P < 0.05).
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reported for other essential oils such as garlic (Ho et. al. 1996) and nutmeg (Huang et. al. 1997 ). An ovicidal effect on T. cartanem and S. zeamais was also found by the essential oil of cardamom (Huang et. al. 2000) . The effects of extracts of nine plant materials on oviposition of C. maculatus have previously been tested using choice and no-choice bioassays (Elhag 2000) . In his study, Cicer arietinum (L.) seed treatment with 0.1% crude extract of materials resulted in a significant reduction in oviposition of bruchids, and F 1 females laid significantly fewer eggs in response to extracts of Rhazyz stricta leaves, A. indica seeds, Eugenia caryophyllata (Thunb) clove buds, Heliotroplum bacciferum aerial parts, citrus peels and Piper nigrum (Elhag 2000) .
The repellent effect of A. calcarata oil and 1,8-cineole increased with concentration. The essential oil showed a stronger repellent effect than 1,8-cineole on C. maculatus. It is very likely that the other chemical components of A. calcarata oil may have resulted in the improvement of the repellent activity of A. calcarata. Liu and Ho (1999) reported that essential oil of cardamom was more repellent to T. castaneum (Herbst) than to S. zeamais (Motsch). Jilani et al. (1988) found that extract of neem leaves and seeds (5 g L -1 ) repelled T. castaneum. Elhag (2000) pointed out that the highest repellency of C. maculatus was found in R. stricta leaves (82.0%), A. indica seeds (76.8%), H. bacciferum aerial parts (59.2%) and citrus peels (58.6%).
The present study reveals that the essential oil of A. calcarata and its major constituent, 1,8-cineole, demonstrate both fumigant and contact toxicity against C. maculatus. Even though adult production was significantly reduced at 0.05 g L -1 A. calcarata oil and 0.20 g L -1 1,8-cineole during the fumigant toxicity bioassay, a clear distinction could not be made between the results of contact and fumigant and fumigant toxicity alone. Furthermore, the essential oil exhibits higher repellent activity against the bruchids than 1,8-cineole. These findings suggest that the main toxic constituent of A. calcarata oil is 1,8-cineole; however, other constituents in the essential oil may possess repellent effects but their identities are yet to be determined. The oil of A. calcarata and 1,8-cineole did not affect cowpea seed germination significantly. Even though the oil and 1,8 cineole are used in many different industries, no efforts have previously been made to identify the potential of A. calcarata or its components to be developed as grain protectants to control cowpea and mung bean infestation by bruchids. Our current findings on repellent, fumigant and contact toxicity add to the existing knowledge on the effectivness of plant-based essential oil of A. calcarata and its major component, 1,8-cineole, against agricultural pests. The essential oil could be used to develop a commercial product for the protection of stored cowpea from bruchid infestation. Field trials should, however, be conducted to assess the cost-effectiveness and feasibility of using A. calcarata oil as grain protectants before a new product is formulated and commercialized. 4.99 ± 0.69b 9.00 ± 0.60b 0.57 ± 0.36b 1.56 ± 0.45b 40 3.48 ± 0.51b 6.80 ± 0.85b 0.00 ± 0.00b 0.30 ± 0.20b 80 1.33 ± 0.66b 5.00 ± 0.60bc 0.00 ± 0.00b 0.00 ± 0.00b 160 0.00 ± 0.00b 0.70 ± 0.40c 0.00 ± 0.00b 0.00 ± 0.00b z The results were analyzed using one-way ANOVA and Tukey's pair wise comparison tests. For each variable and either A. calcarata oil or 1,8-cineole, means followed by the same letters within a column are not significantly different (P < 0.05).
Can. J. Plant Sci. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 09/19/19
For personal use only.
